The radioactivation of linear accelerator components for radiation therapy is interest for radiation protection in general, and particularly, when decommissioning these structures. The energy spectra of gamma rays emitted from the heads of two accelerator models, EXL-15SP and Clinac iX, after 10-MeV X-ray irradiation, were measured using a high-purity germanium semiconductor survey meter. Au were detected. One centimetre deep dose-equivalent rate of the heads of the linear accelerator was measured using the survey meter. The dose rate decreased to ∼10 % of its initial rate after 1 week. Longterm activations were few, the radioactivity level was low, and a cooling time of several days was effective for reducing dose rate to an acceptable level for decommissioning.
INTRODUCTION
Currently in radiotherapy practice, both high-energy X-rays and electron beams are commonly used in the treatment of malignant tumors. These beams are generated by linear accelerators. The high-energy beams enable radiation to penetrate deeply into tumors and protect against skin damage. At radiotherapy facilities that use linear accelerators, neutrons are produced primarily through the interaction of highenergy photons with high-Z materials such as tungsten or lead. In turn, these neutrons activate the structure of the linear accelerator through neutron capture reactions adding previous photonuclear reactions. Because linear accelerators are widely employed in radiotherapy, more information concerning the radioactivation of accelerator components would be of interest for radiation protection in general, and particularly when decommissioning these structures (1 -5) . The degree of radioactivation by neutrons varies according to the materials used in the construction of the linear accelerator. Some reports (1 -5) have described the type and quantity of radiation produced by obtaining measurements during the dismantling of structures; however, only one report has evaluated the relatively long half-lived induced radioactivity found in 10-MeV machines (6) . For the radiotherapy machine, it is important to confirm what nuclides were generated. The present study aims to confirm this by measurements. The energy spectrum of gamma rays emitted from the heads of two linear accelerator models after 10-MeV X-ray irradiation was measured, using a high-purity germanium (HP-Ge) semiconductor survey meter. Moreover, the 1-cm dose equivalent was measured to estimate the exposure of workers who do maintenance and demolishing work.
MATERIALS AND METHODS

Accelerators involved in the study
EXL-15SP (Mitsubishi Electric, Tokyo, Japan) and Clinac iX (Varian Medical Systems, Palo Alto, USA) linear accelerators were evaluated. The EXL-15SP was installed at the Ibaraki prefectural university of health sciences in 1995, and the operating period of the Clinac iX which installed at the Tsukuba University hospital is 1 month. The maximum acceleration energy of each machine is 10-MeV. The geometry of all machines provides a focus-isocentre distance of 100 cm.
Gamma spectroscopy from the heads of linear accelerators after irradiation
Most of the activation products will emit gamma radiation during their decay, and are thus accessible to gamma spectroscopy. Unfortunately, scintillation detectors do not provide the spectral resolution required to analyse complicated spectra. On the other hand, high-resolution semiconductor detectors are traditionally stationary due to the mechanical sensitivity and the need of permanent cooling. The gamma-ray spectrum at the surface of the accelerator heads was measured with the HP-Ge detector (Detective-EX; ORTEC, Oak Ridge, USA), which is an electric cooling type of survey meter (shown in Figure 1a ). The detector was calibrated in terms of energy scale and absolute efficiency with standard gamma sources composed of 137 Cs. The spectrometer was installed on a trolley and put in operational mode outside of the treatment room to avoid radiation damage during beam-on. The accelerator was programmed to deliver a 5000 monitor units (MU) 10 MeV photon beam at the maximum output rate and a gantry angle of 908. During the measurement, the field size during and after irradiation was set to 10Â10 cm, assumed to be an average treatment field size. The detector was covered with a 5-cm-thick lead block to eliminate natural radiations and gamma rays emitted from the surrounding activated material (Figure 1b) . The duration of data acquisition for each measurement was set at 60 with 10 h intervals.
Radioactivity concentration of 60
Co in an accelerator head Radionuclides were identified by photon energies and confirmed by comparing the rate of decrease of the peak height with the half-life. The count efficiency was calculated under two different geometrical settings as mentioned below, viz. wide distribution and localised distribution, by using EGS5 (7) . The iron head was assumed to have a cylindrical shape, 20 cm in radius and 90 cm in height. The distance from the surface of the head to the detector was set to 10 cm. At the wide distribution setting, 60 Co was set uniformly to a depth of 4 -5 cm from the surface in the column, while at the localised distribution setting, 60 Co was set to a depth of 0-1 cm from the surface in the centre of the column, with a 0.5 cm radius. The Monte Carlo technique was used to track the energy deposition of photons emitted from 60 Co in the head. The cut-off energy for photons and electrons was 10 keV.
One centimetre deep dose-equivalent rate measurement in the heads of linear accelerator for a week For 1 week after 5000 MU irradiation, the 1-cmdeep dose-equivalent rate of the heads of the EXL-15SP was measured using an NaI scintillator type survey meter (TCS-161, Aloka, Tokyo, Japan) ( Figure 2 ). The distance from the target to the top of the scintillator detector was 20 and 50 cm. This survey meter is calibrated in terms of 1-cm-deep dose-equivalent rate by the substitution method with standard detector by using a 137 Cs gamma source (8) . 
RESULTS
Measurement of gamma-ray energy spectra from the heads of linear accelerators after irradiation
The resultant gamma-ray energy spectra from the EXL-15SP and Clinac iX heads are shown in Figures 3 and 4 
Dose equivalent measurements in the heads of linear accelerator
Results of 1-cm-deep dose equivalent measurements for a week are shown in Figure 5 . The dose rate decreased to 10 % in 1 week. The dose 20 cm from the target was 10 times as high as that at 50 cm. From the spectral data of EXL-15SP, the counts of 54 Mn, 124 Sb, 60 Co, 181 W, 187 W, 198 Au and annihilation were high. The dose equivalent from these spectral data for comparison with the scintillator measurements was calculated. ICRP publication 74 (9) for fluence-to-dose equivalent conversion data was used. The half-life of annihilation calculated from the spectral data was 10 -15 h. Because the measurement points were different, the dose equivalent values were normalised at 25 h from the time of irradiation. The relative strengths of the various emissions at some post-irradiation reference time were given as part of this comparison. The results are shown in Figure 6 . secondary radioactivation from neutrons produced by the photonuclear reaction. A photonuclear reaction has a threshold energy (Table 2 ) (10) , and the amount of neutrons produced by the 10-MeV X-rays with increasing Z on the material. When a treatment beam and multi-leaf collimators collide directly, as during intensity-modulated radiation therapy, the effect of neutrons on the patient must also be taken into consideration.
It is assumed that all important isotopes have been identified with the possible exception of very short-lived or pure beta-emitting nuclides. The use of a portable HP-Ge semiconductor survey meter enables high-energy resolution spectral measurements in the treatment room without dismantling the equipment. This type of survey meter can effectively analyse radioactivated materials that cannot be removed from the treatment room because of the high-radiation levels or cannot be detached from the equipment. By analysing the amount of induced radionuclides, useful information for determining the radioactive cooling period for the decommissioning equipment can be acquired. The amount of radioactivation is relatively low with 10-MeV X-rays. However, when materials are activated with long half-life radionuclides, proper management of the operating conditions is required to control the amount of induced radioactivity. The proposed method is not a quantitative evaluation, and additional measurements are needed to estimate the amount of radioactivity.
The nuclides detected in the EXL-15SP and Clinac iX accelerators were different. The reason why long-term activations were detected in the EXL-15SP could be because the operating period was long. Long-term activations are few, the radioactivity level is low, and a cooling time of several days is effective for reducing dose rate to an acceptable level for decommissioning. As seen in Figure 6 , the dose decay results determined through calculations involving the spectral data and through measurements with the survey meter were highly comparable. The key nuclides of exposure were confirmed.
The most commonly used energy of linear accelerators for radiotherapy is 10 MeV in Japan (11) . No induced radioactivity was detected on the walls in this study. Thus, for a 10-MeV accelerator, care should be taken only for the target and its assembly. By the end of a 1-week cooling period, the radiation dose rate around the accelerator was greatly reduced. (12, 13) . For an accelerator employed .10 MeV, the residual radioactivity around the accelerator would be near the clearance level (14) . These results are important for establishing appropriate regulations based on scientific data.
CONCLUSION
The energy spectra of gamma rays emitted from the heads of two linear accelerator models were measured using a portable HP-Ge semiconductor detector. Co in the head was ,0.1 Bq. Long-term activations were few, the radioactivity level was low and a cooling time of several days was effective at the time of decommissioning.
